I. Derivation of Effective Hamiltonian
We begin with the general Hamiltonian for a two-level atomic system coupled to a cavity that is driven by an off-resonant laser pulse, given by
The above Hamiltonian is expressed in the reference frame rotating with the center frequency of the off-resonant laser pulse. In this reference frame, (t) is the slowly varying Rabi frequency corresponding to the external laser field. We assume that for all time, where  is the detuning between the laser field and the quantum dot resonant frequency. The remaining parameters are defined as follows: g is the cavity-quantum dot coupling strength, and  c is the detuning between the quantum dot and cavity.
We derive the effective Hamiltonian using a Schrieffer-Wolff transform [1] . We define the operator
The effective Hamiltonian is then given by Stark shift measurement of the quantum dot using a continuous wave laser that tunes through M2.
III. Continuous wave device characterization
The experimentally observed dressed-state spectrum when the quantum dot is resonant with the cavity (shown by the black squares in Fig. S1a is fit to a theoretical model originally described in Ref. [2] . This model accounts for inhomogeneous broadening due to spectral diffusion of the quantum dot emission, which occurs on timescales that are long compared to the dynamical response time of the system, but short compared to the integration time of the experiment. Because the data were obtained under weak excitation, we can make the weak field approximation. In this approximation, we can decompose the input field into its Fourier components, and each component scatters independently of the other frequencies in accordance with the linear transfer function of the system.
We begin first with the spectrum of a homogeneously broadened quantum dot. For a given input field frequency component , the emitted cavity intensity is given by    
, where  is the cavity decay rate and n() is the mean cavity photon number given by The linewidth of a real quantum dot is usually dominated by inhomogeneous broadening due to slow spectral wandering. In this case, a  is no longer a fixed number but must be treated as a fluctuating random variable. The intensity must therefore be averaged over the possible values of the quantum dot detuning as
where   a P  is the probability density function for the quantum dot detuning. Spectral diffusion is generally modelled using a Guassian distribution given by the relation
where is the inhomogeneous linewidth due to spectral wandering and 0 a  is the center wavelength of the inhomogeneous distribution.
To perform the fit, we assume that the input power spectrum is flat over the spectral range of interest, such that   0 S S   . To account for the spectrometer resolution, the spectrum is averaged over a 7 GHz bandwidth by convolving with a normalized Gaussian. We treat g , 0 S , From the fit we determine g/2 = 8.1 GHz, and  1 /2 = 2.8 GHz.
We performed a second-order correlation measurement to verify that we are observing emission from a single quantum dot resonantly coupled to the cavity. A pulsed laser with repetition rate of 76 MHz resonantly excited cavity mode M1 while the quantum dot was red-detuned by 0.2 nm. Quantum dot excitation occurred by phonon mediated non-resonant energy transfer [3] . The quantum dot emission was filtered using the spectrometer grating and sent to the Hanbury Brown-Twiss setup. A time interval analyzer processed the detection events from the counters to obtain the second-order correlation. To demonstrate that the quantum dot can be optically tuned by the AC Stark effect, a continuous wave narrowband laser diode is tuned across cavity mode M2. The quantum dot is initially reddetuned by 35 GHz from cavity mode M1. Fig. S1c shows the inelastic scattering spectrum of the laser as a function of the detuning between the laser and M2 ( l - M2 ) at an excitation power of 40 µW measured after the objective lens. As the laser is tuned to the resonance of M2, the quantum dot blue-shifts due to an AC Stark effect, which tunes it across the resonance of M1. We observe a maximum Stark shift of 48 GHz when the laser is resonant with M2.
IV. Master Equation Calculations
We calculate the dynamics of a strongly coupled system by solving the full master equation,
where  is the density matrix of the quantum dot-cavity system. Incoherent losses such as cavity damping, and quantum dot spontaneous emission, are included via the Liouvillian superoperators given in Lindblad form by , where is th collapse operator for the specific damping process. The parameters and are the cavity decay rate and quantum dot decay rate respectively.
The Hamiltonian H is expressed in the reference frame rotating at the bare quantum dot frequency, and is given by
The above Hamiltonian accounts for the interaction between the quantum dot and the cavity as well as excitations by the external fields   For laser pulses that were filtered by a fiber Fabry-Perot cavity, the excitation pulse is set to be exponential for calculations shown in Fig. 3 and Fig. 4 and given by where t r = 4 ps is the rise time and t f = 30 ps is the fall time of the amplitude. The rise time is determined by the laser pulse duration while the fall time is determined by the linewidth of the fiber Fabry-Perot cavity. We multiply the rise and fall times by a factor of two to account for the fact that they represent the temporal behavior of the amplitude, not the intensity (amplitude squared). In the above equation,  0 is the peak field and t 0 is the time at which the excitation pulse is applied. For cases where the direct laser pulse was used (Fig. 5) , we set the excitation pulse to a Gaussian pulse shape
In the above equation, 2 w is the width of the field envelope at  0 /eThe pulse width is given by T FWHM =1.67 w . The excitation pulse width is set to be 2 ps for simulation shown in Fig. 5 . The off-resonant laser pulse, (t) is applied at time Δτ and is also given by a Gaussian pulse
where Ω is the peak field. The pulse width is given by T FWHM =1.67 w . The pulse width is set to be 22 ps for simulation shown in Fig. 3 (e-f) and Fig. 4 (c-d) , and 8 ps for simulation shown in Fig. 3(g-h) and Fig. 5 (c-d) .
The master equation is integrated in time using an open source quantum optics toolbox [4] . The elastic spectrum of the cavity, S() is calculated by a Fourier-transform of the average electric field, E(t) given by E t 〈 〉 where, 〈 〉 is the average value of the cavity annihilation operator at time t. The cavity elastic spectrum is given by,
The parameters used for the simulations are 8.1GHz, 17.7 GHz, and 0.16 GHz.
We note that the Hamiltonian in Eq. (14) assumes perfect mode-matching of the excitation pulse to the cavity. In real experiments, we also observe signal due to direct surface reflection caused by imperfect mode-matching, which adds a background level to our measurement. This additional background results in a broader linewidth observed at the excitation frequency in the experimental results shown in Fig. 3aand 3c , as compared to the calculations shown in Fig. 3e and 3f. We also note that there is a slight deviation of the perturbed free-induction decay frequency when comparing experiments (Fig. 3b) and theory (Fig. 3f) . The periodicity of the perturbed free induction decay is strongly dependent on the exact detuning between the dot and cavity. The deviation between experiment and theory is likely due to imprecise knowledge of the actual experimental detuning.
V. Comparison of Ideal to Non-ideal Diabatic Rapid Passage
Coherent exchange between the quantum dot and cavity occurs in the ideal diabatic limit where the Stark shift is faster than both the vacuum Rabi frequency and all decays in the system. In this limit, the emission from each mode should be perfectly anti-correlated. Furthermore, one should only observe emission at the dot and cavity resonances, and not at intermediate frequencies.
In the experimental data, the Stark pulse duration is on the same order as the cavity decay rate. Thus, although we observe diabatic passage we are not in the ideal diabatic limit. Non-diabatic corrections lead to imperfect anti-correlation between the quantum dot and cavity emission, observed in Fig. 4b and 4d . 
VI. Ramsey interference effect in a strongly coupled system
When the cavity and quantum dot are on resonance, the system is most easily analyzed in the polariton basis 
